Control subjects (N = 9) did not train. Results: Following training, both groups exhibited a significant strength gain in the trained limb (concentric group increased concentric strength by 64% and eccentric group increased eccentric strength by 62%) and the extent of the crosstransfer of strength was 28% and 47% for the concentric and eccentric group, respectively which was different between groups (P = 0.031). Transcranial magnetic stimulation revealed that eccentric training reduced intracortical inhibition (37%), silent period duration (15-27%) and increased corticospinal excitability (51%) compared to concentric training for the untrained limb (P = 0.033). There was no change in the control group. Conclusion: The results show that eccentric training uniquely modulates corticospinal excitability and inhibition of the untrained limb, which may underpin the cross-transfer of strength. These findings suggest that eccentric contractions of the uninjured limb could be used for rehabilitation following unilateral injury.
INTRODUCTION:
The potential to increase muscle strength following strength training is welldocumented and overloading skeletal muscle with eccentric strength training has shown to be superior compared to concentric strength training for increasing muscle strength (Enoka, 1996 ). An interesting observation within the strength training literature is the phenomena of cross-education, whereby strength training of a single limb was found to increase the strength training produces the largest changes in strength compared to concentric and isometric (Enoka, 1996) . However, the mechanism that modulates the greater cross-education effect following eccentric training remains unknown and untested.
Given the lack of muscle hypertrophy in the untrained limb (Farthing, with the duration of the silent period (SP) being reduced during eccentric contractions compared to concentric (Inghilleri et al. 1993) , intracortical inhibition (ICI) is significantly reduced, whilst intracortical facilitation (ICF) is increased during forceful eccentric contractions, but not during concentric contractions (Howatson et al. 2011) . Cortical excitability of the ipsilateral M1, is facilitated during eccentric contractions of the right wrist flexors compared to concentric contractions (Howatson et al. 2011) . Taken together, compared to concentric contractions, cortical excitability is facilitated in both contralateral and ipsilateral M1's during eccentric contractions and that the neural networks involved in ICI and IHI are influenced by the type of contraction. On this basis, it could be expected that a greater reduction in ICI and IHI may be the primary mechanism underpinning the crosseducation effects following eccentric training compared to concentric, however, this remains to be tested.
Cross-education has gained scientific interest due to its potential to minimise strength loss and enhance recovery in patients that are unable to perform training due to single limb injury or impairment (Farthing et al. 2009 ). Unilateral training of the free limb has been found to maintain strength and function of the untrained limb following periods of immobilisation (Farthing, Krentz & Magnus 2009; Magnus et al. 2010 ) and fracture (Magnus et al. 2013) . Given the clinical relevance of cross-education, the purpose of the present study was to determine whether the TMS responses following eccentric or concentric crosseducation training are different and whether this difference may explain the change in strength of the untrained limb.
METHODS:
Participants Twenty-seven participants (15 males aged 25 ± 1 years and 12 females aged 27 ± 2 years) were selected on a voluntary basis. All participants provided written informed consent prior to participation in the study, which was approved by the Deakin University Human Research Ethics Committee. All experiments were conducted according to the standards established by the Declaration of Helsinki. All participants were right-hand dominant as determined by the Edinburgh Handedness Inventory (Oldfield 1971), had not participated in strength training for a minimum of 12 months, and were free from any known history of peripheral or neurological impairment. Prior to the experiment, all participants completed the adult safety screening questionnaire to determine their suitability for TMS (Keel et al. 2001 ). Figure 1 outlines the organisation of the study. Once recruited, participants were required to attend a familiarisation session that involved performing five eccentric, concentric and isometric contractions of the right wrist flexors along with exposure to single-pulse TMS to reduce any potential learning effect. Following the familiarisation session, participants were randomly and systematically (based upon gender and strength) allocated to a control, eccentric training or concentric training group. All participants underwent TMS, ultrasonography, and maximum strength testing (isometric, eccentric and concentric) before and after a 4-week supervised strength training program; however control participants only undertook pre-and post-testing. Post-testing was carried out between 36 and 48 hours after the final training session.
Experimental approach

Insert Figure 1.
Muscle thickness
Thickness of the right trained and left untrained wrist flexors (a combined measure of the anterior forearm musculature in cm) was measured with a portable ultrasound device 
Surface electromyography
All cables were fastened with tape to prevent movement artifact. The area of electrode placement was shaven to remove fine hair, rubbed with an abrasive skin rasp to remove dead skin, and then cleaned with 70% isopropyl alcohol. The exact sites were marked with a permanent marker by tracing around the electrode, and this was maintained for the entire 4-week period by both the researcher and participant to ensure consistency of electrode placement relative to the innervation zone. An impedance meter was used to ensure impedance did not exceed 10 kΩ prior to testing. Surface electromyography (sEMG) activity was recorded from the left and right flexor carpi radialis (FCR) muscle using bipolar Ag-AgCl electrodes (8 mm diameter, model E258S; Biopac, Goleta, CA, USA). These electrodes were placed on the FCR muscle, with an inter-electrode distance (centre to centre) of 2 cm with a muscle belly-tendon montage. Specifically, the electrodes were positioned [8] [9] cm from the medial epicondyle. A grounding strap placed around the wrist was used as a common reference for all electrodes. sEMG signals were amplified (1000x), bandpass filtered (high pass at 13 Hz, low pass at 1000 Hz), digitized online at 2 kHz, recorded and analyzed using PowerLab 4/35 (ADInstruments, Bella Vista, Australia).
Transcranial magnetic stimulation
TMS was delivered using two Single-pulse recruitment curves were collected during low level isometric contractions of the FCR. Low level contractions equated to 5 ± 2% of root mean square EMG (rmsEMG) during MVIC (see Table 2 ) and were performed by maintaining a straight wrist and fingers. Consistent muscle activation was confirmed by recording pre-stimulus rmsEMG throughout the session. For a single recruitment curve, five stimuli were delivered at each of the following intensities 90% of AMT, 110%, 130%, 150%, 170%, 190%, 210% and 230%
above the participants AMT. In addition, corticospinal excitability and inhibition (silent period duration) was quantified, with a test intensity of 120% AMT (adjusted only if there was a change in AMT following the intervention), in five pre-determined target force levels (5% MVIC, 20% MVIC, 40% MVIC, 40% eccentric torque and 40% concentric torque).
Eight TMS stimuli were applied at each target torque level, which was kept consistent between pre-and post-testing. During eccentric and concentric contractions, TMS stimuli were automatically triggered as the wrist passed through 0º of wrist flexion or extension to ensure that all TMS data were collected at the same anatomical position (Howatson et al. 2011 ). Again, to control for background sEMG prior to TMS stimulation, all MEPs obtained during eccentric and concentric contractions post training were obtained at the pre torque level. A purpose made Excel macro was used to randomize the TMS trials in blocks of 8
contractions across the five target torque levels (Rantalainen et al. 2013) . During all target torque levels, adequate rest periods were provided such that the participant was able to continue to produce consistent force output throughout testing, and visual feedback of force output was visible on the dynamometer screen to both the participant and the researcher.
To quantify SICI, five single-pulse stimuli and five short-interval paired-pulse stimuli were delivered in random order (Rantalainen et al. 2013 ; see Figure 2 ). The stimulator output intensity was set at 120% of AMT, which was determined during familiarisation and adjusted, if there was a change in AMT following training. The conditioning stimulus for paired-pulse stimulation was set at 80% of AMT, the inter-stimulus interval was 3 ms, and posterior to anterior current flow was used to induce I3 waves (Rantailenen et al. 2013). 
Maximal compound muscle action potential
Data analyses
Pre-stimulus rmsEMG activity was determined in the wrist flexors 100 ms prior to each TMS stimulus during pre and post testing. Any trial in which pre-stimulus rmsEMG exceeded 5 ± 2% of maximal rmsEMG were discarded and the trial repeated. The peak-to- 
Statistical analysis
All data was screened with the Brown-Forsythe test and found to be normally distributed (all P > 0.05) and thus the assumptions of the ANOVA were not violated.
Subsequently, parametric analysis using a mixed factorial ANOVA appropriate for a 3 x 2 design [three groups (control, eccentric, concentric), two time points (pre-testing, posttesting)] comparing multiple outcome measures (muscle thickness, MVIC torque, eccentric torque, concentric torque, pre-stimulus EMG, mirror activity, corticospinal excitability, SICI, and silent period). Univariate and post-hoc (LSD) analysis for each dependent measure followed where significant multivariate effects were found. SPSS version 22.0 (SPSS Inc, Chicago, Ill) was used for all statistical analyses, with the level of significance used for all tests set at P < 0.05. All data is presented as mean ± standard error (SE).
RESULTS
Pre-stimulus rmsEMG and maximal compound wave
Pre-stimulus rmsEMG did not vary between single-and paired-pulse trials, and there were no changes over time for any group and thus no group by time interactions were present (Table 1) . Similarly, MMAX did not change as a function of time or by group, and there were no group by time interactions present (all P > 0.05).
Isometric, Eccentric and Concentric Torque of the Untrained Limb
Figure 3 A-C shows the change in contralateral forearm muscle strength. There were no differences in baseline isometric, eccentric or concentric strength of the untrained left wrist flexors between groups (all P > 0.05). Following the intervention there was a main effect for time (P < 0.001) and a group by time interaction for isometric strength (P < 0.001).
For the untrained limb, eccentric training resulted in a 43% increase in isometric strength, which was significantly different to the concentric training group (11%, P = 0.003) and the control group (2%, P < 0.001). Furthermore, there was a main effect for time (P < 0.001) and a group by time interaction (P = 0.002) for eccentric strength of the left untrained wrist flexors. The eccentric training group, increased eccentric strength of the untrained wrist flexors by 47% compared to the concentric training group (14%, P = 0.014) and the control group (7%, P = 0.003). Interestingly, following the intervention there was main effect for time (P < 0.001) and a group by time interaction (P = 0.040) for concentric strength of the untrained wrist flexors. The concentric training group increased their concentric strength of the untrained wrist flexors by 28%, which was significantly less compared to the eccentric training group, which increased their concentric strength by 49% (P = 0.034). There were no differences in concentric strength between the concentric training group and the control group (18%, P > 0.05).
Muscle Thickness
There were no differences in thickness of the untrained wrist flexors between groups at baseline (P > 0.05). There were no main effects for time (P = 0.063) or group by time interactions (P = 0.725) detected following the training intervention (Table 1 ). There were also no differences in muscle thickness of the right trained wrist flexors between groups at baseline (P > 0.05), or no main effects for time (P = 0.095) or group by time interactions (P = 0.935) detected for the trained right wrist flexors following the intervention. SP duration reduced by 27% following eccentric training compared to 1% in the concentric training group (P = 0.004) and compared to 2% in the control group (P = 0.008). A similar effect was observed at 130% AMT, with eccentric training reducing the duration of the SP by 21% compared to 5% in the concentric training group (P = 0.048) and compared to 5% for the control group (P = 0.005). At 150% AMT, eccentric training reduced the SP duration by 15% compared to the control group (1%, P = 0.021), but this change was not different to the concentric training group (1%). At 170% AMT, only eccentric training reduced (10%) the duration of the SP (P = 0.006), however this reduction was not different to the concentric training group (3%) or control group (1%).
Parameters of the stimulus curve
To compare the changes in the input and output properties of the ipsilateral corticospinal pathway prior to and following the 4-week training intervention, MEP and SP single-pulse recruitment curves were constructed. In relation to corticospinal excitability, the slope of the curve, V50 and Top (i.e. MEPMAX) did not change significantly (all P > 0.05) after the intervention for the eccentric or concentric training groups. There was no change over time for the control group (all P > 0.05). In relation to corticospinal inhibition, the slope of the curve, V50 and Top did not change significantly (all P > 0.05) after the intervention for the eccentric or concentric training groups. There was no change over time for the control group (all P > 0.05).
Short-interval intracortical inhibition
SICI measures were obtained at a range of isometric torque levels (5, 20, 40% MVIC), and during 40% of eccentric and concentric torque prior to and following the 4-week training intervention. At 5 and 20% of MVIC there were no main effects for the release of SICI in any group (all P > 0.05). However, for the untrained left wrist flexors, there was a group by time interaction (P = 0.009) for a release of SICI during 40% of isometric torque ( Figure 6 ). At 40% of MVIC, a group by time interaction was observed (P = 0.007), with eccentric training reducing SICI by 32%, which was different to the concentric training group (2%, P = 0.003) and the control group (1%, P = 0.002). No changes in SICI were observed at 40% eccentric and concentric torque for any groups (all P > 0.05).
Mirror EMG activity
We also examined whether maximal concentric or eccentric contractions during training affected the degree of mirror activity in the contralateral untrained left wrist flexors.
Averaged across all training weeks there were no differences in mirror EMG activity for the eccentric training group (1.33 ± 0.22% rmsEMGmax) or concentric training group (1.5 ± 0.37% rmsEMGmax, P > 0.05).
DISCUSSION
The aim of this study was to investigate the TMS responses following eccentric and 
Eccentric strength training enhances the cross-transfer of strength.
We examined the hypothesis that eccentric compared to concentric strength training The cross-education effect in the current study was large and different between groups, with eccentric training resulting in a 47% transfer of eccentric strength, 43% for isometric and 49% for concentric, with concentric training resulting in significantly less cross-transfer effects (eccentric 14%, isometric 11% and concentric 28%). The large increase in strength of the untrained limb following eccentric training is comparable to an earlier study that reported a 77% increase in eccentric strength compared to only 30% following concentric training (Hortobágyi et al. 1997 ). However, it should be noted, that in the present study, both the concentric training and eccentric training groups performed maximal voluntary contractions of an upper limb muscle throughout the training period, whereas previous studies have used submaximal contractions of lower limb muscles (Dudley et al. 1991; Johnson et al. 1976 ). Although, during maximal unilateral muscle contractions, the untrained muscle can exhibit up to greater than 20% of mirror EMG activity (Zijdewind et al. 2006) , in the present study, mirror EMG activity in both the concentric and eccentric training conditions, was only 1.5% of maximum EMG activity. Given the low level of mirror EMG activity, and no detectable changes in muscle thickness, the change in muscle strength appears to be due to facilitation of the corticospinal pathway innervating the untrained limb, which was different between eccentric and concentric training.
Eccentric training differentially modulates corticospinal inhibition and excitability.
Several lines of evidence support the view that GABAA mediated intracortical inhibition contributes to M1 plasticity (Werhahn et al. 1999) . The present results show that the duration of the SP for the untrained wrist flexors was only reduced following eccentric strength training. Again, there seems to be a taskdependant effect of eccentric training differentially modulating indices of cortical inhibition.
The SP that follows the excitatory MEP is caused by activation of long-lasting GABAB mediated inhibition and is a temporary suppression in motor cortical output (Lang et al. 2006 ). The reduction in the SP of the untrained limb suggests a task-specific effect that reduced the inhibitory input to the motoneurone pool, which could be viewed as contributing to the net excitability of the corticospinal tract. Although the SP has been described as a cortical phenomenon, it should be noted that the first 50 ms is widely assumed to be mediated by spinal mechanisms associated with after-hyperpolarisation of the motoneurones and recurrent inhibition, however after 100 ms the CSP is due to supraspinal inhibition (Inghilleri et al. 1993) . The current findings show that the SP duration following eccentric training was around 59 ms, which suggests this reduction could be influenced by spinal factors due to reflex effects evoked by eccentric training (Butler et al. 2011) . Importantly, the duration of the SP was only reduced following eccentric training, which is also consistent with the reduction in SICI following eccentric training, which suggests that the increase in corticospinal excitability following eccentric training maybe related to the overall net reduction in inhibition. There are several limitations to the present study. First, due to the number of moderate intensity muscle contractions performed by each participant, we were limited to only examining the ipsilateral M1 and corticospinal tract and not the contralateral M1.
Second, we only collected stimulus-response curves during very low isometric contractions and thus we were unable to demonstrate the task-dependant effects of contraction mode specifically on the gain of the corticospinal tract following unilateral strength training. We were also unable to measure IHI, so the interpretation for IHI modulating the change in ipsilateral M1 excitability and inhibition is somewhat speculative. * denotes significant to control group (P < 0.05); † denotes significant to concentric group (P < 0.05); # denotes significant to pre (P < 0.05). * denotes significant to control group (P < 0.05); † denotes significant to concentric group (P < 0.05); # denotes significant to pre (P < 0.05). * denotes significant to control group (P < 0.05); † denotes significant to concentric group (P < 0.05); # denotes significant to pre (P < 0.05). Table 1 : Mean (± SE) for SICI at 40% MVIC, SP and PP TMS pre-stimulus rmsEMG at 120% AMT and muscle thickness for the untrained limb.
* denotes significant to control group (P > 0.05); † denotes significant to concentric group (P > 0.05); # denotes significant to pre (P > 0.05).
MVIC: maximal voluntary isometric contraction; SICI: short-interval intracortical inhibition; SP: single-pulse; PP: paired-pulse; TMS: transcranial magnetic stimulation. 
